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RVM  projects  to the  ventral  horn  and  dorsal  horn  of  the  spinal  cord.
RVM  and  PAG  have  dense  reciprocal  connections  in  guinea  pigs.
Cuneiform  nucleus  sends  neuronal  connections  back  to  the  RVM.
Dorsal/dorsolateral  PAG/RVM/spinal  cord  pathways  regulate  active  defensive  behavior.
Ventrolateral  PAG/RVM/spinal  pathways  modulate  tonic  immobility  in  guinea  pigs.
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The  rostroventromedial  medulla  (RVM),  together  with  the  periaqueductal  gray  matter  (PAG),  consti-
tutes  the  descendent  antinociceptive  system.  Additionally,  these  structures  mutually  regulate  defensive
behaviors,  including  tonic  immobility  (TI)  in  guinea  pigs.  The  current  study  was  undertaken  to  evalu-
ate  the  connections  of  the  RVM  with  the PAG  and  the spinal  cord  in  guinea  pigs  in order  to provide  an
anatomical  basis  for the  role  played  by  RVM  in  the  modulation  of  TI. To address  this  goal,  ﬁve  guinea  pigs
were  treated  with  non-ﬂuorescent  biotinylated  dextran  amine  (BDA)  neurotracer  by  injection  into  the
RVM. After  four  days  of survival,  the  encephalon  and  spinal  cord  were  removed  from  each  rodent,  and
BDA labeling  was visualized  with  a standard  avidin-biotinylated  horseradish  peroxidase  method  through
′
VM-spinal cord pathways
uneiform nucleus
reaction  with  nickel-intensiﬁed  peroxidase  3,3 -diaminobenzidine  dihydrochloride.  The  microinjection
of  BDA  into  the  RVM  stained  ﬁbers  in the  ventral  horn,  dorsal  horn  and  intermediate  gray  matter  of  the
spinal  cord.  BDA-labeled  ﬁbers,  terminal  buttons  suggesting  synaptic  contacts,  and  perikarya  were  found
in the  dorsomedial,  dorsolateral,  lateral  and  ventrolateral  PAG,  and  neuronal  somata  were  identiﬁed  in
geth
 modthe  cuneiform  nucleus.  To
the role  of  the  RVM  in  the
. IntroductionTonic immobility (TI) may  be deﬁned as an innate behavioral
esponse of profound inactivity and a relative lack of respon-
iveness to the environment that occurs during prey–predator
Abbreviations: TI, tonic immobility; RVM, rostral ventromedial medulla; BDA,
iotinylated dextran amine; PAG, periaqueductal gray; CnF, cuneiform nucleus.
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ulation  of  TI defensive  behavior.
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confrontations [21]. In the laboratory, TI can be induced in differ-
ent species through postural inversion and the manual restraint
of movement. In addition to defensive immobility, antinociception
is another characteristic component of TI behavior, which permits
the maintenance of TI during an attack. Studies have shown that
the analgesia elicited during TI is opioid-mediated [22].
The rostral ventromedial medulla (RVM), which includes the
nucleus raphe magnus and the adjacent ventral reticular for-
mation, plays an important role in descending pain modulation
Open access under the Elsevier OA license.and opioid analgesia [2].  Together with the periaqueductal gray
(PAG), the RVM constitutes the descendent antinociceptive sys-
tem, which is well documented to modulate nociceptive responses.
Speciﬁcally, functional and neuroanatomical studies conﬁrm that
ience 
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VM is an important site for the antinociceptive responses regu-
ated by the PAG [28,30,31].  This PAG–RVM system is particularly
mportant in modulation of defensive analgesia during exposure
o danger [18]. In addition to the clear function of the PAG–RVM
ystem in pain modulation, recent studies have shown the involve-
ent of both structures in the organization of TI [12–15,23,25].
here is evidence that glutamatergic or cholinergic stimulation of
he dorsal and lateral columns of the PAG exert an inhibitory effect
n the duration of TI behavior, whereas the stimulation of the ven-
rolateral column increases the duration of TI [12,24]. With regard
o the RVM, the microinjection of a cholinergic agonist into the
VM reduces the duration of TI defensive behavior and produces
ntinociception [13,14].  In contrast, the opioidergic stimulation of
he RVM increased the TI duration and induces antinociception
15]. Taken together, these data support the role of the PAG–RVM
ystem in modulating the defensive response of TI in guinea pigs.
owever, although the connections between PAG and RVM have
een described in rats, there are no studies demonstrating these
onnections in guinea pigs.
TI is a behavioral response with a characteristic motor inhibi-
ion associated with opioid analgesia, which suggests that both the
orsal and ventral horns of the spinal cord are simultaneously mod-
lated. Although projections from the RVM to the dorsal horn have
een previously demonstrated [1,19],  no previous work has eval-
ated the projections of the RVM to the ventral horn of the spinal
ord. Consequently, the current study was undertaken to evaluate
he connections of the RVM with the PAG and spinal cord, respec-
ively, in guinea pigs. Such evidence would provide an anatomical
asis for the role of RVM as a critical site of the modulation of
efensive responses of TI.
. Materials and methods
.1. Animals
Adult male guinea pigs (Cavia porcellus; Rodentia, Caviidae)
eighing 400–500 g were obtained from the animal care facility
f the School of Medicine of Ribeirão Preto of the University of São
aulo (FMRP-USP). The animals (n = 5) were housed in plexiglass
ages (56 cm × 37 cm × 39 cm,  ﬁve animals per cage) at 24 ± 1 ◦C
n a 12 h light cycle with free access to water and food. The
xperimental procedures were carried out in compliance with the
ecommendations of the Brazilian Association for Laboratory Ani-
al  Science (COBEA) and approved (Proc. no. 031/2004) by the
thical Committee for Animal Experimentation of the FMRP-USP.
ll efforts were made to minimize animal suffering.
.2. Surgical procedures
The animals were ﬁrst anesthetized with intramuscular injec-
ions of 40 mg/kg ketamine combined with 5 mg/kg xylazine and
hen placed in a stereotaxic apparatus (David Kopf Instruments,
ujunga, CA, USA) with the mouthpiece 21.4 mm ventral to the
nterauricular line. A guide cannula (18 mm long, with a 0.6 mm
uter diameter) was implanted 2.0 mm dorsal to the RVM using
he following coordinates of the Rössner atlas [29] for guinea pigs:
6.5 mm caudal to bregma, 0.0 mm lateral to the midline and
0.3 mm below the intraaural line. The guide cannula was  ﬁxed
o the skull with autopolymerizing resin and anchored with an
dditional screw..3. Neuroanatomical procedures
For the labeling study, ﬁve guinea pigs were implanted with
he guide cannulae placed 2 mm  dorsal to the RVM accordingLetters 535 (2013) 116– 121 117
to the coordinates of the atlas of Rössner [29]. Three days
after surgery, the animals received a microinjection of 0.2 l
of non-ﬂuorescent biotinylated dextran amines (BDA: 3000 MW,
Molecular Probes, USA). The microinjection was performed with
a Hamilton microsyringe (10 l), which was connected to PE-10
polyethylene tubing attached to a Mizzy needle segment (0.3 mm
outer diameter; 2.0 mm longer than the guide cannula). The BDA
was  microinjected over a period of 60 s, and the needle was left
in place for an additional 120 s to avoid reﬂux. Four days after the
microinjection, the animals were deeply anesthetized with sodium
pentobarbital and perfused intracardially with saline followed by
4% paraformaldehyde (PFA, Sigma) dissolved in 0.1 M phosphate
buffer (pH 7.4). The brain and spinal cord were removed and post-
ﬁxed in PFA for 4 h, and then transferred to 30% sucrose for two  days.
The mesencephalon, the medulla oblongata and the spinal cord
cervical intumescence region were immersed in 2-methylbutane
(Sigma), frozen on dry ice, embedded in Tissue Tek O.C.T., and sec-
tioned (40 m thickness) with a cryostat (CM 1950, Leica) at −25 ◦C.
BDA labeling was  visualized with a standard avidin-biotinylated
horseradish peroxidase method with a nickel-intensiﬁed per-
oxidase 3,3′-diaminobenzidine dihydrochloride reaction. After
incubation, the sections were thoroughly washed in 0.1 M phos-
phate buffer (pH 7.4), mounted on gelatin-coated glass slides,
counterstained using the Nissl cresyl violet method in a robotized
autostainer (CV 5030 Leica Autostainer XL), and viewed in a pho-
tomicroscope (AxioImager Z1, Zeiss).
2.4. Drugs
The neurotracer used in this study was a biotinylated dextran
amine diluted in phosphate buffer. The volume used was  based on
a previous study [13].
3. Results
In the current study, microinjections sites in the RVM were typ-
ically located into the nucleus raphe magnus. The labeling pattern
was  similar in all ﬁve animals. The microinjection of BDA into the
RVM (Fig. 1A) showed a labeled descendent tract in the dorsolat-
eral aspects of the lateral funiculus of the spinal cord (Fig. 1B, spinal
cord). There were profuse BDA-labeled ﬁbers, terminal buttons and
perikarya in the ventral horn (Fig. 1A–D), dorsal horn (Fig. 1E and
F) and intermediate (Fig. 2) gray matter of the spinal cord after
BDA was  deposited into the RVM. Speciﬁcally, BDA-labeled neu-
ronal ﬁbers were identiﬁed in the ventral horn of the spinal cord
(Fig. 1C and D), whereas both BDA-labeled neuronal ﬁbers and cell
bodies were found in the dorsal horn of the spinal cord (Fig. 1E
and F). The BDA microinjection into the RVM labeled both ﬁbers
and neuronal perikarya in the spinal cord intermediate gray matter
(Fig. 2A–D).
Microinjection of BDA into the RVM revealed labeled ﬁbers,
terminal buttons and cell bodies in the dorsomedial, dorsolateral,
lateral and ventrolateral (Fig. 3A, on the right) columns of the PAG
gray matter, as well as in the CnF (Fig. 3B and C). These results indi-
cate the presence of dense reciprocal connections between the RVM
and the PAG, and they further demonstrate that the CnF send inputs
to the RVM. Additionally, deposits of BDA into the RVM revealed a
profuse neural network was  found into the deep mesencephalon,
with positive perikarya mainly located in the vicinity of the CnF,
sending neuronal connections back to the RVM (Fig. 4).4. Discussion
The anatomical connections identiﬁed in the present study
support a possible role for the RVM in the modulation of defensive
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Fig. 1. Photomicrography of coronal slices of the medulla (A) and the spinal cord (B–F) of a guinea pig after the microinjection of BDA into the RVM. (A) Microinjection site
(white  arrow) of biotinylated dextran amines (BDA) into the RVM. Picture B shows bilateral staining of the descendent tract (black arrow) in the dorsolateral column of spinal
cord.  (C–F) Demonstrates ﬁbers (black arrowhead), terminal buttons (white arrowhead) and cell bodies (black arrow) positively stained in the spinal cord ventral (C and D)
and  dorsal (E and F) horns. The horizontal bar represents 373.0 m in A and B, 46.6 m in C and 23.3 m in D–F.
Fig. 2. Photomicrography of coronal slices of the spinal cord (A–D) of a guinea pig after the microinjection of BDA into the RVM, showing ﬁbers (black arrowhead), terminal
buttons (white arrowhead) and cell bodies (black arrow) positively stained in the spinal cord intermediate gray matter (A–D). The horizontal bar represents 46.6 m in A
and  B and 23.3 m in C and D.
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Fig. 3. Photomicrography of coronal slices of the mesencephalon (A–F) of a guinea pig after the microinjection of BDA into the RVM, showing cell bodies (black arrows), ﬁbers
(black  arrowhead) and synaptic buttons (white arrowhead) positively stained in the dorsomedial (A), dorsolateral (B), lateral (C and D) and ventrolateral (E and F) columns
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nd  F.
ehaviors and fear-induced antinociception given the profuse
preading of the RVM into the PAG columns as well as into both the
orsal and ventral horns of the spinal cord. Evidence of descending
onnections from the RVM to the dorsal horn, ventral horn and
ntermediate gray column of the spinal cord can provide the neural
odology for the defensive immobility displayed by prey during
xpression of TI, primarily recruiting projections from the RVM to
he ventral horn of the spinal cord. Similarly, these pathways can
ccount for the instinctive fear-induced antinociception displayed
y prey under predatory attack, recruiting mainly projections
rom the RVM to the dorsal horn of the spinal cord. The results
f current study indicate the presence of RVM connections in the
pinal cord dorsal horn, ventral horn and intermediate column.
espite the fact that the RVM has frequently been associated with
he modulation of nociception, studies have also indicated the
nvolvement of the RVM in the modulation of defensive behavior,
efensive analgesia and autonomic responses across different
pecies [13,15,18,26,32]. Furthermore, inputs from the RVM to thehe horizontal bar represents 93.3 m in E, 46.6 m in C and D, and 23.3 m in A, B
intermediate gray column of the spinal horn can recruit interneu-
rons that modulate the activity of both alpha and gamma motor
neurons, as well as the preganglionic neurons situated in the lateral
horn of the spinal cord. These preganglionic neurons may indirectly
inﬂuence the somatic and autonomic neural systems during the
elaboration of distinct defensive behaviors. Speciﬁcally, during TI
the activation of RVM can induce motor inhibition, followed by
antinociception.
In addition to the RVM connections with the spinal cord, inputs
from the RVM to the mesencephalon also support the role of the
RVM in the modulation of TI, through the recruitment of PAG neu-
rons involved in the organization of innate fear-induced responses.
A microinjection of BDA into the RVM demonstrated reciprocal
connections between the RVM and dorsomedial, dorsolateral and
ventrolateral columns of the PAG. Extensive evidence supports the
PAG as an important structure for the organization of defensive
behaviors, fear-induced antinociception, and modulation of TI
[9–11,23–25]. In fact, different columns of the PAG modulate
120 L.F.S. da Silva et al. / Neuroscience 
Fig. 4. Photomicrography of coronal slices of the mesencephalon (A–C) of a guinea
pig  after the microinjection of BDA into the RVM, showing cell bodies (black arrows)
and ﬁbers (black arrowhead) positively stained in the cuneiform nucleus (A–C). B
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is  a magniﬁcation of A, and C is a magniﬁcation of B. The horizontal bar repre-
ents 93.3 m in A, 46.6 m in B and 23.3 m in C. CnF: cuneiform nucleus, vlPAG:
entrolateral periaqueductal gray.
istinct defensive behavioral responses [5,7,10,33,34].  Speciﬁcally,
he dorsal and dorsolateral columns are involved with active defen-
ive responses, such as the ﬁght or ﬂight response, whereas the
entrolateral column modulate immobility responses [6,7,33,34].
n addition studies show that lesions of the ventrolateral PAG dis-
upt the freezing induced by conditioned fear [16,20].  Considering
he neurochemical bases of TI-related responses, the cholinergic or
lutamatergic stimulation of the dorsomedial and dorsolateral PAG
esults in a reduced duration of TI, whereas ventrolateral choliner-
ic, opioidergic or glutamatergic stimulation increases TI behavior
uration in guinea pigs [12,24,25].  Likewise, the RVM can either
timulate or inhibit the TI behavior in this species. Accordingly, the
holinergic stimulation of the RVM reduces duration of TI behav-
or, whereas the microinjection of opioid agonists increases theLetters 535 (2013) 116– 121
duration of TI [13–15].  We  therefore believe that the dor-
sal/dorsolateral PAG projections to the RVM either mediate the
interruption of TI behavior or initiate defensive active responses
such as ﬂight or ﬁght, which suppress TI behavior. Corroborating
our hypothesis the lesion of dorsolateral PAG enhanced the cat
elicited freezing in rats [16] and activation of lateral and dorsal
regions of the PAG by microinjection of kainic acid produced wild
running [27]. On the other hand, activation of the ventrolateral
PAG/RVM pathway stimulates defensive behavior of TI in guinea
pigs. Previous study in rats has demonstrated that stimulation
of ventrolateral PAG produced immobility [27]. Additionally fear
conditioned freezing was associated with an increase in Fos
expression in ventrolateral PAG [8].
Additional data from our study demonstrated that BDA-labeled
neuronal somata are densely distributed in the CnF following a
BDA injection into the RVM. Studies emphasize the role played
by the CnF in the modulation of active defensive behaviors. For
example, the CnF exhibits a notable increase in Fos expression
that is related to escape behavior induced by a bicuculline injec-
tion into the inferior colliculus of rats [4]. In addition, rats exposed
to cat odor showed greater Fos expression in the CnF than con-
trol rats [17]. Interestingly, additional evidence has indicated that
the activation of RVM neurons by CnF stimulation can be partially
or completely blocked by local iontophoretic deposits of choliner-
gic antagonists [3].  The neuroanatomical data in the present study
support the putative involvement of the CnF, together with the dor-
sal/dorsolateral PAG, in the elaboration of active defense responses,
which concurrently inhibit the TI behavior. Otherwise, the dor-
sal/dorsolateral PAG may  reduce TI duration indirectly through
excitatory connections with the CnF.
The current ﬁndings provide anatomical evidence for con-
nections between the RVM and rostral and caudal structures
potentially involved in the modulation of TI. Consequently, the dor-
sal/dorsolateral PAG/RVM/spinal cord pathways can regulate active
defensive behaviors, whereas the ventrolateral PAG/RVM/spinal
cord pathways are potentially related to passive defensive behav-
iors, such as TI.
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